Abstract: Broadband PLC (power line communication) technology is a main factor of the development of digital convergence in the indoor network. It uses the already existing power cable infrastructure for communication purposes. The EM (electromagnetic) field radiating from the cable could, however, disturb other communication systems, and thus should be evaluated. The M oM (method of moment) and the FEM (finite element method) have been studied to estimate the EM field emitted from the power cable. However, the M oM is difficult to treat the dielectric material of the cable and the FEM is time consuming. This paper presents a new approach to estimate the radiated EM fields caused by PLC systems from the CM current along the cable, based on the transmission line theory. The proposed model has the advantage of using the measured primary parameters of the cable. An experimental analysis of the EM radiation distribution is also presented. A comparison showed that the model results agree quit e well with the measurements performed in this study.
Introduction
 PLC (power line communication) technologies use the power line cable as the transmission line for both high data rate applications and control systems. The development of this technology is enhanced by the publication of the IEEE standard (IEEE Std 1901™-2010 [1] . This standard provides a minimum implementation subset that allows a fair coexistence of the BPL (broadband over power line) devices. It also complies with EMC (electromagnetic compatibility) limits set by the national regulators.
EMC of PLC systems deals with two aspects. The first aspect is related to the susceptibility of the system in the presence of noise, and especially of impulsive noise [2] . This type of noise has been extensively five classes [3, 4] . A statistical model of the impulsive noise is proposed in Refs. [5, 6 ]. An estimation of the background noise is performed and presented in Ref.
[7]. The periodic asynchronous impulsive noise is pointed out in Ref. [8] . In Ref.
[9], the noise in narrowband PLC is expressed as a Gaussian process. In summary, there is a good understanding of the noise characteristics over indoor PLC channels.
Nowadays, thanks to the optimization of modulation techniques and coding schemes, new PLC devices are generally able to deal with the different type of noises.
The second aspect of EMC of PLC systems is related to the emissions generated by these systems.
For conducted emissions, the PLC signal is seen as a Indeed, the radiation mainly depends on the CM (common mode) current [20] . This current is due to electrical asymmetries and to the LCL (longitudinal conversion loss) [20, 21] . An analysis of the DM (differential mode) to CM current conversion process in power line networks can be found in Ref. [22] . There has been a lot of theoretical modeling for radiated emissions from PLC systems [23] [24] [25] [26] [27] [28] [29] . Several methods have been used to compute the EM field such as the four-port network method [29] , the MoM [28] and the so-called wire grid model [27] .
Calculating the radiated field using the four-port network method cannot only be based on the CM current [28] . The method of moment cannot consider the influence of the dielectric material of the cable. The remainder of this paper is organized as follows: in Section II, a detailed description of the measurement set-up is given. The HF (high frequency) model of the considered network is described in Section III. The mathematical model of the radiated EM field is presented in Section IV. Section V provides a comparison between the simulated EM fields and the experimental ones. Finally, Section VI concludes this paper.
Measure ment Set up
The radiated EM field was measured using the experimental set-up as shown in Fig. 1 . The measurement was carried out in an anechoic chamber of length and width equal to 9.2 m and 7.6 m, respectively. The measured frequency range was from 0.15 MHz to 30 MHz. The electric and magnetic fields were measured separately using monopole and loop antennas. This allows near-field measurements.
The height of the antenna is 1.7 m and the horizontal distance from the electrical cable is 1.0 m. The antenna output voltage was measured using a spectral analyzer. The analyzer was installed outside the anechoic chamber and was connected to the antenna using a coaxial cable.
Our purpose is to replicate the real operating conditions of a PLC connection in the semi-anechoic chamber. To this end, the PLC signal was injected using two HPAV (Home Plug AV) modems (offers a physical layer peak data rate of 200 Mbits/s). In the indoor PLC network, the transmitter (PLC modem) is connected on one side to an ADSL (asymmetric digital subscriber line) modem using the Ethernet cable and on the other side to the electrical grid. To replace the ADSL connection, the ADSL modem is connected to a video server using a DSLAM (digital subscriber line access multiplexer). A category 5 cable is used between the DSLAM and the ADSL modem. 
High Frequency Model of the Power Network
The distribution of the CM current should be calculated to estimate the radiated EM field. In this paper, the CM current distribution was simulated using the LTspice software. The simulation was carried out using the RLCG parameters of the power cable, the LC (inductance and capacitance) model of the multi-plug and the measured impedances of the connected devices (TV, video box, modems). This section details the model of these components (power cable, multi-plug, connected devises).
Power Cable Model
The power cables can be described and modeled using the transmission line theory. In this theory, the power cable is considered as a series of elementary cells, each representing a short segment of the transmission line. As shown in Fig. 3 , every cell can be described by the so-called primary line parameters, usually denoted as RLCG. 
as shown in Fig. 4 . In order to improve the model accuracy, the value of each electrical component is realized using genetic algorithms [32].
HF Model of the Multi-plug
The multi-plug comprises two parts: the exterior part which is the cable and the interior one which includes two bus-bar, as shown in Fig. 5 . The primary RLCG parameter of a 25.0 cm cell is deduced from open and short measurements method described in Ref.
[31].
The bus-bar is divided into segments of 10 cm as shown in Fig. 5 . The open and short measurements method was applied to calculate the primary parameters of the bus-bar segment. The R and G parameters are not considered in modeling the bus-bar. 
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HF Model of the Connected Appliances
The appliances connected to the experimental network (TV, ADSL modem, video box and the LISN) are modeled using their measured impedances. In fact, an arbitrary voltage source in the LTspice software is controlled using a mathematical expression or a data file. In this work, a measurement database file is used to control the arbitrary voltage source.
The measurement set-up of the household appliances is described in Ref.
[33] and depicted in Fig. 8 .
Experimental Validation of the Modeled Network
The network model (shown in Fig. 1 ) is built using the LTspice software as shown in Fig. 9 . The power cable is modeled using the primary RLCG parameters.
The multi-plug is modeled using the primary parameters 
Analysis of the Radiated EM Fields
As described in the literature, the PLC radiation is mainly depending on the CM current [20] . So, the elementary cell of the three-conductor cable acts as a thin wire (very small radius compared to the length) and the assumption of infinites imal dipole can be used.
In fact, the length of the elementary cell (25 cm r, θ, φ) ) from the origin is r, as shown in Fig. 11 . The vector potential in spherical coordinates is given by Eqs. (1) and (2), where μ 0 is the permeability of vacuum and = is the length of the dipole. A φ is zero when the current is located at the z-axis. The magnetic field is calculated through Eqs. (1-3) . 
The electric field is obtained from the vector potential Eqs. (1) and (2) using Eq. (5).
In spherical coordinates, we have: where η is the impedance of free space (η = 120π).
The magnetic field in Eq. (4) and the electric field in Eq. (6) are valid everywhere except on the source itself (cable). The EM fields vary according to the distance r between the dipole and the observation point. Depending on this distance, three regions are identified: the near field region (k. r < 1), the middle region (k. r ≥ 1) and the far field region (k. r >> 1).
T o evaluate the EM fields radiated from the network (depicted in Fig. 1 ), the circuit model (Fig. 9) was simulated using the LTspice software. The PLC modem is modeled using a 50 Ω impedance in parallel w ith an AC voltage s ourc e (port 1). For eac h elementary cell, the simulated CM current was used to calculate the EM fields according to well with that of the calculated ones for all frequencies.
Conclusion
In this paper, we addressed the issue of radiated emissions caused by in-house PLC systems based on 
